Objective: The aim was to study the L-type calcium current (I ) in cardiac myocytes as a possible target of insulin in the regulation (1 mM) increased cAMP content in rat cardiomyocytes by about two-fold. Insulin-like growth factor-1 (IGF-1; 5 mM) increased I by Ca,L only 5.960.9% (n56). Conclusions: Our data show that insulin stimulates the L-type calcium current in isolated rat ventricular myocytes in a dose-dependent and reversible manner and suggest that this effect is mediated by insulin receptors and the cAMP-dependent protein kinase.
Introduction
investigated. The crucial event in the catecholamine-stimu-21 lated signal-event cascade in the heart is an increased Ca Insulin is a crucial regulator of metabolic physiology, influx mediated by cAMP-dependent protein kinase (PKA) blood glucose homeostasis, cellular glucose and amino [8] [9] [10] [11] . acid uptake. Insulin also regulates gene expression, ion
Previous studies have suggested that insulin may alter 21 flux, cell proliferation and apoptosis [1] . In mammalian cation fluxes in the myocardium, particularly that of Ca , heart and in isolated cardiac muscle preparations, insulin and thereby may change mechanical force development in exerts positive inotropic effects [2] [3] [4] [5] [6] [7] . These cardiac the heart [12] [13] [14] . Relaxin, a reproductive hormone of the effects include increases in maximum force generation, left insulin family, increased heart rate by stimulating the 21 ventricular dP/ dt , cardiac output and faster relaxation L-type Ca current (I ) in rabbit sino-atrial node cells max Ca,L 21
times. Positive inotropic effects of insulin are independent [15] . Insulin stimulated Ca ATPase activity in both the of the myocardial glycolytic rate and substrate metabolism sarcoplasmic reticulum and the sarcolemma and increased 1 21 [2] [3] [4] [5] and independent of adrenergic mechanisms [2, 3, 6, 7] . the Na / Ca exchange activity [12, 14, 16] . Insulin-stimu- 21 Positive inotropic effects of catecholamines have been well lated Ca uptake is involved in the regulation of heart metabolism and transporter activities [14, 17] . In order to 21 study a possible insulin-induced Ca influx in cardiac cells, we applied the whole-cell mode of the patch-clamp (1 V, 5 ms) was applied to establish the whole-cell mode. technique. Our data demonstrate that the regulation of Sealed ventricular myocytes were brought in front of the cardiac I is a new mechanism of the action of insulin. opening of a microcapillary. Microcapillaries were perCa,L fused by external solution at a rate of about 10 ml / min, corresponding to a flow velocity of 0.4 mm / s. Three additional microcapillaries, mounted in a row, allowed 2. Methods superfusion solutions to be changed within 4 s by moving the capillaries.
Cell isolation
Command pulses and data acquisition were performed with an EPC-9 patch-clamp amplifier controlled by the Single rat cardiac myocytes were prepared according to 'PULSE' software (HEKA, Lambrecht, Germany). In the protocol of Piper et al. [18] (Bremen, Germany). All other chemicals were of anaance is activated at its half-maximum value, and k is the lytical grade and were obtained from Merck (Darmstadt, slope factor. The potential of the half-maximum available Germany).
I was determined by linear interpolation of the availaCa,L bility curve.
Electrophysiological recordings
Membrane currents were measured at room temperature 2.4. Determination of cAMP (19-238C) using the whole-cell configuration of the patchclamp technique [19] . Myocytes were allowed to settle for Cyclic AMP in rat cardiomyocytes was determined by 5 min before being superfused with external solution at a radioimmunoassay (RIA). We used a commercial RIA kit rate of about 1 ml / min. The control superfusion solution (RPA 509, Amersham International, UK) and the non-(external) and the pipette filling solution (internal) were acetylated protocol described in the manufacturer's instruc- The insulin-induced increase of I was dose-depenincrease in I by insulin over basal Ca current).
Ca,L Ca,L dent (Fig. 3) . 
Comparison of insulin-and isoproterenol-induced indicate converging intracellular signalling pathways of increases of I
isoproterenol-and insulin-stimulated responses.
Ca,L
We then inhibited PKA by the addition of 1 mM At a concentration of 100 nM, isoproterenol increased Rp-cAMPS [27] to the internal pipette solution [8], which was without effect on basal I . Isoproterenol (100 nM)
Discussion
Ca,L and insulin (1 mM) responses were measured about 20 min after break of the patch. Stimulation of I by isoThe data described in our study demonstrate for the first insulin without Rp-cAMPS was 65614% (n56) over basal lated when the holding potential was decreased to 270 mV. current. In the presence of Rp-cAMPS, stimulation of I Potassium currents were blocked by cesium ions added to Ca,L by insulin was significantly reduced, to 1263% (n56, the external and internal solutions. p,0.01) over basal current.
Stimulation of the I by insulin in our study was
To further prove a possible involvement of the cAMP/ dose-dependent and reversible. Most of the observed PKA pathway in the insulin response, we measured the current increase was due to an increase in the maximum intracellular content of cAMP in isolated rat carconductance. A minor part can be explained by changes in diomyocytes. The basal content of cAMP in rat carvoltage-dependent parameters. Whereas the shift of the 5 diomyocytes was 1.0460.13 pmol / 10 cells (n58). IBMX voltage-dependent availability was without effect on cur-5 raised the cAMP content to 1.8360.35 pmol / 10 cells rent amplitude, the shift of the activation curve lead to (n57). As a positive control, we confirmed as a first step larger currents. Indeed, under basal conditions, the I Ca,L the well known increase in cAMP by isoproterenol in rat was activated to 59% with a pulse to 0 mV. In contrast, the 5 heart, which was 3.7960.61 pmol / 10 cells (n59, p, shift due to insulin lead to an activation of 71% with the 0.001 vs. IBMX alone) in our study. Insulin increased same pulse amplitude. single ventricular myocytes [29] . Species differences, other diomyocytes in our study was 0.5 mM, which is in the insulin concentrations, and various differentiation states of same range as has previously been published for rat heart the cardiac cells used may explain the contrasting results [33, 34] . of Bkaily et al. [29] and our present results. Furthermore, Interestingly, insulin increased the cAMP and cGMP positive controls of insulin effects on heart and the well content in human vascular smooth muscle cells [25] , and known activation of the cardiac I by isoproterenol insulin and EGF activate the adenylyl cyclase system in a Ca,L [8, 30] were not shown in the study by Bkaily et al. [29] . In bivalve mollusc [35] . In rat heart, EGF stimulated cAMP vascular smooth muscle cells, insulin decreases I and accumulation [36] and activated the adenylyl cyclase Ca,L contributes to insulin-induced vasodilation [31] . system [26] . In our study, the insulin concentrations required to
We confirmed other studies [37] that a maximum induce the half-maximal increase of I (33 nM or 5.4 stimulation of I was obtained at 100 nM isoproterenol.
Ca,L Ca,L mU / ml) were in the same range as used in the majority of Stimulation of I by isoproterenol in our study was Ca,L previously published in vitro and in vivo studies reporting faster and more sensitive in comparison to insulin. In effects on cardiac contractility or intracellular calcium contrast, isoproterenol and insulin increased cAMP simi- [2, 3, 14] . Insulin concentrations observed in blood are larly. One possible explanation is that cAMP measurebetween 0.3 and 3 nM. However, heart has been reported ments detect the total changes in a cell whereas the to contain a hundredfold higher insulin concentration than increase in I may depend on the compartmentation of Ca,L blood [32] , indicating that the concentrations of insulin the cAMP/ PKA system to the calcium channels. Other used in our and other studies are physiologically relevant.
features of I in our study, such as the insulin-induced 
